ABSTRACT In this paper, the heat transfer performance of the multi-chip (MC) LED module is investigated numerically by using a general analytical solution. The configuration of the module is optimized with genetic algorithm (GA) combined with a response surface methodology. The space between chips, the thickness of the metal core printed circuit board (MCPCB), and the thickness of the base plate are considered as three optimal parameters, while the total thermal resistance (R tot ) is considered as a single objective function. After optimizing objectives with GA, the optimal design parameters of three types of MC LED modules are determined. The results show that the thickness of MCPCB has a stronger influence on the total thermal resistance than other parameters. In addition, the sensitivity analysis is performed based on the optimum data. It reveals that R tot increases with the increased thickness of MCPCB, and reduces as the space between chips increases. The effect of the thickness of base plate is far less than that of the thickness of MCPCB. After optimization, three types of MC LED modules obtain lower T j and R tot . Moreover, the optimized modules can emit large luminous energy under high-power input conditions. Therefore, the optimization results are of great significance in the selection of configuration parameters to improve the performance of the MC LED module.
I. INTRODUCTION
Light emitting diodes (LEDs) have been used as LCD back light sources, automotive and general lightings due to their low power consumption, highly directional light emission, fast response time, long lifetime and environmental protection [1] - [5] . To achieve more lumen and lower cost, LEDs have been packaged in multi-chip packaging modules and driven at high current density [6] - [8] . However, there is only about 20% of the input power is transformed into light in the LEDs, the remaining energy is converted to heat [9] - [11] . If such superheat cannot be removed effectively, high temperature and temperature gradient inside LEDs will not only generate significant stresses along the interfaces [12] - [14] but also accelerate light output degradation and even catastrophic failure [15] - [19] . Thus, thermal management is necessary for a multi-chip LED (MC LED) module to gain a reliable and good performance [20] - [22] . In general, most of the heat generated from LED chips conducts through heat spreader to substrate and finally transfers from heat sink to environment. There exists a large thermal resistance associated with the spreading of heat from a small heat sources to a much larger substrate base [23] . Besides, LED module with vertical LED chip shows very high thermal resistance of 15 ∼ 30 • C/W [24] due to the low thermal conductivities of substrate (0.3-3 W/mK for metal core printed circuit board (MCPCB) [25] - [27] ). What's more, the number of chips [28] and the layout of LED array [29] have significant effects on the overall illumination quality and thermal performance. Therefore, optimizing the layout of chips and the geometry of module are effective and important for enhancing the performance of MC LED module.
There are several approaches to improve the conductive thermal resistance, thermal spreading resistance, and convective thermal resistance of LED module for decreasing the total thermal resistance. To reduce conductive thermal resistance (also called one-dimensional thermal resistance (R 1D )), the thickness of solder [30] , [31] , board and dielectric layer [27] of LED module was optimized separately. Moreover, high thermal conductivity materials, such as carbon nanotube [32] and graphene-based nanocomposite [33] , [34] were utilized to decrease R 1D . For optimizing the thermal spreading resistance, Cheng et al. [7] presented an analytical model for optimizing a uniform temperature profile of multichip LED package by changing the chips arrangement on the substrate. Yung et al. [29] addressed different placement configuration and different PCB materials to achieve lower LED temperature and higher luminous efficacy. What's more, lots of studies are focus on the optimum design of heat sink/ heat spreader, which can largely reduce the convectional thermal resistance of LED module [21] , [35] . All of the above studies reveal that configuration optimization of LED modules is needed.
Indeed, deign of experiment (DOE) and optimization algorithms have been successfully applied for the optimal design of LED module. Jeon et al. [36] optimized the hybrid LED package system based on micro machining technology and Taguchi method. Jeong et al. [27] presented geometric optimization in a LED module with aluminum nitride insulation plate by using Box-Behnken design method. In addition, many researchers have successfully optimized the plate-fin heat exchangers/ heat sink with genetic algorithm (GA) and response surface methodology (RSM) by considering maximum the total rate of heat transfer and minimum the total annual cost with given constrained condition [37] - [39] . However, few of them optimize the MC LED module by systematically considering the layout of chips and the geometry of module.
In this paper, an effective general analytical solution proposed by Muzychka et al. [40] is used to calculate the heat source temperature and thermal resistance in MC LED module. The objective of present work is to study the effects of configuration parameters (space between the LED chips, thickness of MCPCB and base plate) on the heat dissipation performance of MC LED module. The optimization of the geometric parameters by the RSM and GA with the analytical solution are implemented. The thermal performance and luminous efficacy of the MC LED modules are compared before and after optimization.
II. NUMERICAL ANALYSIS A. NUMERICAL METHOD
Muzychka et al. [40] have presented a general analytical solution for a thermal spreading resistance of eccentric heat sources on a rectangular flux channel. The planar rectangular heat source of dimensions c and d is located at the end of a compound heat flux channel. The channel of dimensions a and b consists of two layers having thicknesses t 1 and t 2 and thermal conductivities k 1 and k 2 , respectively. The heat flux is cooled along the bottom surface with a uniform heat transfer coefficient h. The lateral boundaries of the heat flux channel are adiabatic. Q is the total thermal flux from the heat source.
The solution is θ (x, y, z) = T (x, y, z) -T f , where T (x, y, z) is the layer temperature, and T f is the heat sink temperature. It can be used to model any number of discrete heat sources on a heat sink. The temperature excess of each heat source in MC LED module can be computed using the following equation evaluated at the surface: (1) where θ i is the temperature excess for each heat source by itself, λ = mπ/a, δ = nπ/b; The final Fourier coefficients A m , A n , and A mn are obtained by taking Fourier series expansions of boundary condition at the surface z = 0.
For N discrete heat sources, the surface temperature distribution is given by:
In general, the total resistance is defined as:
where R 1D is the one-dimensional thermal resistance and R s is the thermal spreading resistance. The thermal spreading resistance of the ith heat source is expressed as: The temperature distribution on the surface of base plate is computed based on the general solution. This paper calculates the maximum thermal resistance in the rectangular flux channels, which is the thermal resistance of heat sources with the highest junction temperature in the MC LED module.
B. MODELING AND NUMERICAL RESULTS
In a LED module, LED chips (heat sources) are bonded on MCPCB (rectangular channel) and mounted on a heat sink (see Fig. 1 ). The complicated structure of module is simplified to satisfy the condition of the solution presented by Muzychka et al., which consists of a base plate, an MCPCB, and LED chips. LED chips are simplified into squares, whose sizes are 1 mm×1 mm. The geometric conditions and thermal conductivities of the LED module are listed in Table 1 .
An equivalent convection coefficient to represent both the heat transfer in the fin surface and the plate surface is applied on the bottom of base plate, which is 1000 W/m 2 K here. Since most of heat is dissipated by conduction, heat radiation is neglected here [41] . As shown in Fig. 1 , uniform heat flux boundary condition is applied to the top of the chips, while constant temperature condition is applied to the bottom surface of base plate. The heat input Q, calculated by subtracting the light output from the electric power, is 0.28 W. T f is set as 25 • C. A MATLAB program is built to calculate the above equations (1)- (6) and draw the isothermal chart. A total of 50 terms are used in each of the single and double summations.
One MC LED module, composed of seven LED chips, one MCPCB, and one base plate, is analyzed as shown in Fig. 2 . The space between the inner and outer chips is x 1 . T j is the mean junction temperature of the module. Obviously, the T j drops gradually with increasing x 1 . There is no significant change on the edge temperatures of MCPCB (T e_c ) because the total thermal power is constant in each module. Likewise, the thermal resistance (R tot ) of module decreases with increasing x 1 . The results show that the space of the chips has considerable influence on R tot and thermal uniformity of MC LED module. R tot is decreased by nearly 14.5% when the layout changes from the smallest to the largest space between chips.
C. MODEL VALIDATION
For model validation, the numerical results of the present study are compared with the experimental data from three prototypes of the proposed MC LED modules. The T j of each package with LED chips and MCPCB mounted on a heat sink were measured under room temperature (T f = 25 • C). In our previous work [42] , T j measurements based on the forward voltage method and IR camera [43] , [44] were carried out in the experiments. The value of T j was the average of measured data since the forward voltage measurement was conducted on the LED chips in series. The thermal resistances of calculation and measurement for MC LED module are listed in Table 2 for comparison. T j_E is the measured mean junction temperature; T e_E is the edge temperature of MCPCB from the experiment. Great thermal resistance and temperature difference on the plate can induce high thermal stress in the interface of the module [1] . Thus, it is necessary to rearrange the space between chips and optimize the configuration of LED module for obtaining lower R tot . As shown in Fig. 3 , the calculations are consistent with the experimental data within the accepted error range of 5% in the same configuration and operating conditions. Therefore, the general analytical solutions are available to apply thermal analysis and optimization on the MC LED module. 
III. OPTIMIZATION METHOD A. THE CONFIGURATION OF MC LED MODULE
To verify the universality of the optimization method presented in this work, three categories typical layouts of MC LED module are selected to perform the heat transfer characteristics, as shown in Fig. 4 . The first category, named of OR, is circular distribution with 2 0 + 2 2 + 2 3 + . . . + 2 n (n = 0, 2, 3 . . .) of the chips. 2 0 chip locates at the center, 2 2 and 2 3 chips are located uniformly in the circle of radius R1 and R2, respectively. 2 n chips are located uniformly in the circle of radius Rn = n × R1. The second category, named of SQ, is squared distribution with n 2 (n = 2, 3, 4 . . .) of chips. There are n chips in the horizontal and n chips in the vertical. The third category, named of HX, is hexagonal distribution with 2 0
. . .) of chips. 2 0 chip locates in the center, 2 1 × 3 and 2 2 × 3 chips are located uniformly in the hexagon with sides of 1 × s 1 and 2 × s 1 , respectively. 2 n chips are located uniformly in the hexagon with sides of n × s 1 . LED chips in those models are simplified into squares with the size of 1 mm × 1mm. According to the actual application, the MCPCB and base plate size is with 50 mm × 50 mm. The space between each adjacent LED (x 1 ) is changed from 3 mm to 10 mm.
B. OPTIMAL PROCESS
According to Eq. (6) and above discussions, temperature uniformity and thermal resistance of MC LED module show strong correlation with the layout of the heat source and its configuration. Our aim is to optimize both layout and configuration of the module by minimizing the total thermal resistance R tot . The objective function created by RSM is formulated as
where a 0 , a i , and a ij are tuning parameters and n is the number of parameters.
As shown in Fig. 1 , the considered design parameters in this study are x 1 : space between the chip, x 2 : thickness of the MCPCB, and x 3 : thickness of the base plate. The objective function y denotes R tot . The optimum process is implemented by the combination of RSM and GA, which is shown in Fig. 5 and described as follows.
a) The relationships between the design parameters and objective function are generated by utilizing the Box-Behnken DOE method. b) Forming RSM, and the goodness of fit is judged by coefficient of determination, root mean square error and relative maximum absolute error, etc. c) The additional design points would be added to construct new RS, if the above prediction error is larger than 5%. If not, the coefficients of the second order RSM for the objective function are determined by nonlinear regression analysis. d) Using GA to find out the optimal geometries, which are coded by Matlab toolbox code. The best value of objective function for the initial population is obtained by calculation, and the corresponding chromosome is selected as parent. The initial population size is set as 40. The crossover is selected as scattered and the mutation function is chosen to be 0.001. The crossover combines two chromosomes (parents) to produce a new chromosome (offspring). e) GA solves the optimization problem iteratively based on the biological evolution process in nature. If the minimum fitness values are low, and fewer offsprings are eliminated, optimization will be stopped by meeting an end criterion.
IV. RESULTS AND DISCUSSION

A. OPTIMIZATION ON THE CONFIGURATION OF THE LED MODEL
According to the preliminary tests and geometric constraints of the LED modules, the ranges of the design parameters are selected as 3 mm ≤ x 1 ≤ 10 mm; 0.1mm ≤ x 2 ≤ 2 mm; 1 mm ≤ x 3 ≤ 5 mm. Numerical simulations of three types for MC LED modules are performed by Matlab through Box-Behnken design. Based on the results in Table 3 , the coefficients of the second-order RSM are determined and given in Table 4 .
After optimizing objectives with GA, the optimal design parameters of three types of MC LED modules are Therefore, the heat dissipation performances of the modules are estimated based on the determined optimal design parameters.
B. SENSITIVITY ANALYSIS 1) EFFECTS OF DESIGN PARAMETERS
By varying the value of the selected parameter, the effects of each design parameter on the thermal resistance can be discussed. The heat input and the ambient temperature are fixed at 0.28 W per chip and 25 • C, respectively. Fig. 6 shows the effects of design variables on the total thermal resistance. As shown in Fig. 6(a) , the R tot of OR and SQ decrease slightly (by ∼7%) with increasing x 1 . Thus, the optimum x 1 for OR and SQ are determined as 6.533 mm and 6.627 mm, respectively. The R tot of HX decrease until x 1 increase to 6.365 mm, and then increase with increasing x 1 . Therefore, increasing the space between the chips is beneficial to improve heat transfer. Fig. 6(b) shows the effects of the MCPCB thickness x 2 on R tot . Obviously, R tot increases rapidly when x 2 is from 0.1 mm to 1 mm and especially in the range of 0.3 mm to 0.5 mm. Therefore, the thickness of MCPCB has negative effects on the improvement of heat transfer. Designer should choose a thinner MCPCB or remove MCPCB from the module. Thus the LED chips is better to be bonded on a base plate with integrated circuit directly. As shown in Fig. 6(c) , the effect of x 3 on R tot is relatively small (<7%) compared with that of x 2 .
2) SENSITIVITY OF THE GEOMETRIC PARAMETERS
A sensitivity analysis is carried out to determine the optimum mode of the effective parameters on the performance of the module. The sensitivity of the geometric parameters are the derivative of the output variable (y, the minimum thermal resistance) to input parameters (x 1 , x 2 , x 3 ), which are VOLUME 5, 2017 
The positive value of the sensitivity indicates an increase in the objective function with the increasing input parameters, and the negative value represents a reduction. According to the sensitivity results presented in Fig. 7 and Fig. 8 , it can be concluded that:
1) The sensitivity of the space between the chips (x 1 ) for OR and SQ are negative, indicating R tot reduce as x 1 are increased; For HX, the sensitivity of x 1 is positive, which means that R tot increases with increasing x 1 . It is explained why the R tot of HX in Fig. 6 (a) first decreases to the trough at x 1 = 6.365 mm and then increases as x 1 is increased. 2) The thickness of MCPCB (x 2 ) has a stronger impact on R tot than x 1 and x 3 . The sensitivity of x 2 is positive, which means that the minimum thermal resistance reduces with it. This is fully consistent with the results of Fig. 6(b) .
3) The sensitivity of thickness of the base plate (x 3 ) is negative, indicating that increasing x 3 can reduce the R tot . However, it is far less than that of x 1 and x 2 . 4) Overall, the effects of configuration parameters on the thermal performance of MC LED module are studied from qualitatively to quantitatively. All results are of great significance in the selection of geometric parameters of the module to improve its thermal performance. 5) This optimization work is of high efficiency. And it is more available for two-dimensional or equivalent twodimensional case.
C. THERMAL AND OPTICAL PERFORMANCE OF THE ENHANCED MC LED MODULE
The heat dissipation performance and luminous efficacy of the optimized MC LED modules are compared with that of the original modules (x 1 = 3 mm, x 2 = 1 mm, x 3 = 5 mm). Fig. 9 and Fig. 10 show the temperature distribution and thermal resistance of three types of LED modules before and after optimization, respectively. It is obvious that three types of modules obtain lower T j and R tot after optimization. T j of each module is decreased by ∼62%. R tot of OR, SQ and HX module drop 92.8%, 96.2% and 96.3%, respectively. More uniform temperature distribution leads to lower thermal stress and higher reliability for the module. The luminous efficacy of the LED module, which was defined as ''luminous flux/power consumption'' [45] , is dependent on the junction temperature of the LED die. The relationship between the luminous efficacy (E) and junction temperature (T j ) is expressed as follows [46] :
where E 0 (95.63 lm/W) denotes the rated efficacy at the rated temperature (T 0 = 64.90 • C), and k e is the relative reduction rate of efficacy with increasing temperature. k e is calculated from the measured luminous efficacy of MC LED module in Section II under different T j , and is about -0.0015. Fig. 11 shows the luminous efficacy of three types of MC LED modules before and after optimization according to Eq. (13) . Also, the T j and E of the module with 5 times of rated heat input is calculated based on the general analytical solution and optimized model. The result shows that the luminous efficacy decreases slightly under 5 times of rated heat input. It is obvious that the optimized module can allow stable operation under high power input conditions, and emit a large amount of light energy.
V. CONCLUSIONS
In this study, based on the response surface methodology and genetic algorithm, the configuration of MC LED module is optimized. The thermal resistance and temperature distribution of MC LED module with multiple heat sources are calculated by using general analytical solution. The main conclusions are listed as below:
1) The effects of configuration design parameters, including space between chips (x 1 ) and the thickness of MCPCB (x 2 ) and base plate (x 3 ), on thermal resistance (y) are analyzed from qualitatively to quantitatively. 2) After optimizing objectives with GA, the optimal design parameters of three types of modules are determined, verifying the universality of the optimization method presented in this work.
3) The sensitivity analysis is performed based on the optimum data. The results show that x 2 has a stronger impact on R tot than x 1 and x 3 . The sensitivity of x 2 is positive, while that of x 1 and x 3 are negative. It indicates that R tot increases with the increased thickness of MCPCB, and reduces as the space between chips increasing. The effect of the thickness of base plate is slight. Thus, designer should choose a thinner MCPCB, or solder chips on a base plate with integrated circuit directly. Moreover, increasing the space between the chips is beneficial to improve heat transfer. 4) Obviously, three types of MC LED modules have lower T j and R tot after optimization. Encouragingly, the luminous efficacy decreased slightly with increasing T j and input power, indicating that the optimized module can emit a large amount of light energy under high power input conditions. The optimization results are of great significance in the selection of geometric parameters to improve the performance of MC LED module with different types of layout.
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